Abstract Human cytomegalovirus (HCMV) is a ubiquitous pathogen that causes morbidity risk in immunologically suppressed and immunodeWcient patients including congenital infections. Approaches to curb the consequences of HCMV infections are restricted by a lack of complete understanding of viral pathogenesis. The infection of mice with murine cytomegalovirus (MCMV) as a model of HCMV infection has been particularly useful in elucidating the role of innate and adaptive immune response mechanisms. A large number of cytomegalovirus genes modulate the innate and the adaptive host immune response. The products of several MCMV genes are involved in subverting the natural killer (NK) cell response by down-modulating cellular ligands for the NKG2D receptor expressed on NK cells and CD8 + T cells. Mutant viruses lacking these immunoevasion genes are attenuated with respect to virus growth in vivo. Given the importance of the NKG2D receptor in controlling both NK-and T cell-mediated immunity, it is of tremendous importance to understand the molecular mechanisms and consequences of viral regulation of the NKG2D ligands.
Introduction
Cytomegaloviruses (CMVs) are ubiquitous pathogens which cause morbidity risk in immunosuppressed and immunodeWcient hosts [1] . As members of the herpesvirus family, CMVs share large double-stranded DNA genomes of about 230 kbp in size, are widely distributed in nature, but exhibit a highly restricted host range, each one allowing the infection of a single mammalian species. Thus, in vivo models of human cytomegalovirus (HCMV) pathogenesis and immunosurveillance rely on the infection of animals with their respective natural CMV. The infection of mice with murine cytomegalovirus (MCMV) represents the most frequently used model to study immunobiology and pathogenesis of CMV infection. The immune response provides only partial protection against CMVs, and viral genomes remain life-long in their animal hosts, thus periodic reactivation and virus shedding may occur [2] . The nonproductive state of CMV infection is governed by a hierarchical immune control with the CD8 + T cell subset playing a dominant role, whereas the contribution of antiviral antibodies is limited to the prevention of virus spread after reactivation from latency [3] [4] [5] . Furthermore, the immune response is unable to fully prevent re-infection as was demonstrated for congenital CMV infections in infants of mothers with preconceptional immunity [6, 7] .
It is still not clear how CMVs manage to persist in their animal hosts in spite of a fully primed immune response. CMVs encode numerous proteins able to regulate immunosurveillance mechanisms of their hosts [8] . In order to prevent infected cells from lysis by CD8 + T lymphocytes, HCMV encodes several glycoproteins (US2, US3, US6, US11) which can compromise antigen presentation by MHC class I molecules [9] . The same is achieved by three MCMV proteins encoded by the m04, m06 and m152 genes [9] . We have previously shown that the deletion of MCMV gene m152 sensitizes the virus to the control by CD8 + T cells in vivo [10] . However, as proposed by the missing self-theory, the lack of engagement of inhibitory natural killer (NK) cell receptors by MHC class I molecules should make the infected cells more prone to NK cell control [11] . To avoid this situation, CMVs have adopted several mechanisms enabling them to subvert not only CD8 + T cells but also NK cell mediated control.
NK cells and CMV control
It is now well established that NK cells play a crucial role in the control of CMV replication during the time preceding the induction of the adaptive immune response, whereas the role of NK cells in the control of chronic CMV infection and prevention of virus recurrence remains poorly deWned. NK cells are activated through soluble mediators as well as direct cell-to-cell contact; upon activation, they control the infection by cytolysis and secretion of proinXammatory cytokines. Interactions of NK cells and dendritic cells (DCs) proved to be important for the regulation of adaptive immunity [12, 13] . While T and B lymphocytes express clonally distributed antigen-speciWc receptors, NK cells express numerous inhibitory and activating receptors and their activity is regulated via the integration of signals gathered through them [14] . Thus, NK cell activation occurs either due to the lack of inhibitory signals or because of the prevalence of activating ones. The engagement of inhibitory NK receptors with their ligands, such as MHC class I molecules, prevents healthy cells from NK cell mediated lysis.
NK cell receptors deployed for the surveillance of MHC class I cell surface expression include the members of the killer cell Ig-like receptor (KIR) family and leukocyte Iglike receptors (LIR) in humans, the Ly49 family in mice and CD94/NKG2 heterodimers in humans and mice [15] [16] [17] . They all possess an immunoreceptor tyrosine-based inhibitory motif (ITIM) in their cytoplasmic tail. The phosphorylation of tyrosine within this motif results in the recruitment of phosphatases to the receptor complex which interferes with the signal transduction pathway that activates NK cells. These NK cell receptor classes also include the activating members. Activating NK cell receptors utilize adaptor proteins (DAP12, DAP10, Fc RI , CD3 ) that harbor an immunoreceptor tyrosine-based activating motif (ITAM) to transduce signals. The engagement of some activating NK cell receptors can override inhibition and destroy target cells even if they express surface MHC class I molecules [18, 19] . Several other NK cell receptors encoded by single genes and gene families have been described, such as NKG2D, natural cytotoxicity receptors (NCRs), NKR-P1 gene family and others [16, 20] .
Taking the above into consideration, a straightforward approach for the virus to subvert NK cell activation would be to increase the quantity of ligands for inhibitory receptors or to disable the activating ones. Indeed, CMVs encode viral homologues for the major inhibitory ligands, MHC class I molecules [21] . The HCMV UL18 gene product binds inhibitory LIR-1 receptor [22] , while the receptor binding the MCMV class I homologue, m144, is still not identiWed. However, the role of UL18 in immune subversion must further be investigated since it may also lead to NK cell activation [23] [24] [25] . The diVerential regulation of MHC class I molecules could be an additional mechanism to avoid both CD8 and NK cell responses simultaneously. It is well established that HCMV down-modulates most of MHC class Ia while preserving MHC class Ib to serve as ligands for inhibitory NK cell receptors [26] . A peptide derived from the HCMV encoded UL40, as a substitute for the leader sequence of classical MHC class I molecules, binds to and supports the surface expression of an MHC class Ib molecules, HLA-E [27, 28] . Another mode of CMV-mediated NK cell inhibition is the down-modulation of cellular ligands for activating NK cell receptors as discussed below.
MCMV speciWc NK cell receptors
In contrast to most of mouse strains including wild mice, which fail to mount an eYcient NK cell response to MCMV, certain mouse strains are able to control the infection by mounting a robust NK cell response immediately after infection. It has been shown that the resistance of C57BL/6 mice to MCMV is determined by a single dominant locus, Cmv1 r , located in the natural killer gene complex (NKC) on the mouse chromosome 6 [29, 30] that encodes the stimulatory Ly49H NK cell receptor [31] [32] [33] . Unlike most other Ly49 receptors which use cellular MHC class I molecules as their ligands, Ly49H binds to an MCMV-encoded protein, the product of the m157 gene (Fig. 1a) [34, 35] . Similarly to several other MCMV m145 gene family members, the m157 protein has some structural but not sequence homology to MHC-class I molecules [35] . The crystal structure of the m157 suggested that its interaction with Ly49 receptors could be signiWcantly stronger than that of classical inhibitory Ly49-MHC interactions [36] . Under selective pressure by Ly49H, the m157 is subject of mutations and deletions which eventually lead to mutant viruses resistant to Ly49H-mediated control, similarly to recombinant viruses in which m157 was deliberately deleted [37, 38] .
Additional NKC loci associated with speciWc recognition of infected cells have been recently discovered [39, 40] . The genetic resistance in MA/My mice maps to the Cmv3 locus encoding Ly49P NK cell receptor that recognizes a so far unknown viral protein associated with the H-2D k MHC class I molecule (Fig. 1a ) [39] . It has been suggested that the Cmv4 locus encodes an NK cell activating receptor and mediates resistance in PWK mice [40] , while the loci outside the NKC complex regulate NK-resistance in other mouse strains [41] . Although it is unexpected that viruses acquire genes that encode ligands for the activating NK cell receptors, it is of note that m157 also serves as a ligand for the inhibitory NK cell receptor Ly49I [34] . Therefore, it is likely that m157 and other viral ligands for activating NK receptors had been originally selected to serve as ligands for inhibitory NK cell receptors. According to this scenario, the generation of activating Ly49 receptors speciWc for infected cells could be a host response to viral immunosubversion.
CMV avoidance of NK cell activation via NKG2D
The lack of activating Ly49H and other NK cell receptors that speciWcally recognize infected cells fails to explain the inability of most of the mouse strains to mount an eYcient NK cell response against MCMV. Namely, these mouse strains can mediate an NK cell response against other viral infections and tumors. Therefore, we proposed that MCMV must be able to actively compromise NK cell activation via activating receptors such as NKG2D. NKG2D is a potent activating receptor recognizing cellular ligands that are inducible by cellular stress, such as infection, and thus represents a prominent candidate for viral immunoevasion [20, 42] . It is a highly conserved C-lectin type molecule expressed at the cell surface as a homodimer. The key feature of this receptor is its ability to bind various ligands, all being distant homologues to the MHC class I molecules, but poorly expressed on healthy cells. NKG2D is also expressed on T lymphocytes where it mediates co-stimulation rather than an independent activating signal. It is expressed on human and mouse NK cells, but with a diVerent pattern. All human CD8 + T lymphocytes constitutively express NKG2D, while in mice it is expressed only on activated CD8 + T lymphocytes. Moreover, there are two distinct isoforms of NKG2D in mice, the longer and the shorter one; the short one associates with DAP10 and DAP12 while the long isoform binds only to DAP10 [43, 44] . In humans, there are only the longer NKG2D isoform. Both HCMV and MCMV encode proteins able to target NKG2D ligands for the down-modulation in infected cells. Negative regulation of NKG2D ligands in humans has Wrst been established for the HCMV protein UL16, able to aVect ULBP-1, ULBP-2 and MICB [45, 46] . More recently it was demonstrated that the UL142 down-regulates the full length MICA protein [47] . In turn, MCMV regulates the NKG2D ligands MULT-1, RAE-1 and H60 through the m145, m152 and m155 proteins, respectively (Fig. 1b) [48] [49] [50] [51] [52] . Furthermore, the deletion of either of MCMV genes encoding inhibitors of NKG2D ligands resulted in rescuing the expression of their target ligand and an enhanced sensitivity of mutant viruses to NK cell control in vivo (Fig. 1c) . We have recently shown that the expression of MULT-1 and H60 is also inhibited by m138/fcr-1 [53] . The m138/fcr-1 was originally described as an MCMV receptor for the Fc portion of immunoglobulin G (IgG) and was designated fcr-1 [54] . Since the deletion of this gene results in attenuation in vivo, it was assumed that the latter is caused by enhanced susceptibility of the virus to antibody dependent cellular cytotoxicity. However, the m138 deletion mutant . Consequently, the deletion of viral gene encoding the ligand for the activating NK cell receptor abolishes the virus sensitivity to NK cells. b NKG2D is an NK cell activating receptor which recognizes diVerent ligands: MULT-1, H60 and Wve RAE-1 isoforms in mouse. These proteins are poorly expressed on healthy cells but can be induced by cellular stress. MCMV encodes immunoevasins able to down-modulate the surface expression of NKG2D ligands and prevent NK cell activation. c MCMV genes (m138, m145, m152 and m155) encode proteins that speciWcally target NKG2D ligands for down-modulation. Viral mutants lacking either of these genes are no longer able to regulate NKG2D ligands and are therefore sensitive to NK cell control in vivo virus was also attenuated in B cell-deWcient mice, suggesting an additional function of this protein [55] . We have shown that this mutant virus was attenuated as early as three days post infection [53] . Since this attenuation could be reversed by the depletion of NK cells, or even by blocking the NKG2D receptor, the observed phenotype is most likely due to the expression of NKG2D ligands on the surface of infected cells. Another, recently discovered mode of escaping NKG2D signaling includes the regulation of NKG2D ligands by viral miRNA [56] . The speciWc miRNA of HCMV, hcmv-miR-UL112, binds to and inhibits the translation of the transcript encoding NKG2D ligand MICB. Unlike CMVs, some other viruses inhibit NK cell activation via NKG2D by encoding soluble proteins which bind to both human and rodent NKG2D and block the interaction between the NKG2D receptor and its host-encoded ligands [57] .
The existence of four diVerent MCMV immunoregulatory genes aimed at regulating the NKG2D ligands implies a strong selective pressure for the virus to oppose the NKG2D receptor mediated immune response. This Wnding is not unexpected if we take into consideration the nature of the NKG2D receptor. Namely, as in the case of m157-Ly49H interaction [36] , ligand engagement by NKG2D can override the inhibitory signals gathered through the engagement of the inhibitory NK cell receptors and their ligands [19] . The magnitude of the NKG2D signal can also be explained by the fact that there are four, rather than two, DAP10 chains in an NKG2D-DAP10 complex and thus the binding of a single ligand can result in the phosphorylation and the subsequent signaling of four DAP10 chains [58] . The true potential of NKG2D signaling lies in the NKG2D ligands. The NKG2D receptor shows a remarkable feature of recognizing at least seven diVerent ligands in humans (ULBP 1-4, RAET-1G, MICA, MICB) and seven in mouse (H60, MULT-1, RAE-1 -) [42, 59] . These ligands must be tightly controlled in order to avoid an autoimmune response. Furthermore, the infection itself induces the expression of most of the NKG2D ligands and therefore the viruses must have the means to cope with this situation.
Molecular mechanisms of MCMV regulation of NKG2D ligands
In contrast to numerous CMV inhibitors of NKG2D ligands characterized so far, the molecular mechanisms by which they disrupt the expression of their target proteins are not suYciently understood. Among the MCMV inhibitors of NKG2D, m152 was the Wrst to be described [49] . In addition to CD8-dependent attenuation, the deletion of m152 gene strongly attenuates the mutant virus in NK cell-dependent manner. Namely, the m152 deletion mutant is attenuated 3 days post infection, before the maturation of the T cell response. Since the deletion of m152 gene rescued the expression of NKG2D ligands on the surface of infected cells, the NK cell-dependent phenotype of the mutant virus was expected. A subsequent study demonstrated that m152 down-regulates RAE-1 proteins [51] . As mentioned above, m152 was originally characterized for its ability to arrest the maturation of MHC class I molecules [60] , while its mode of down-modulation of RAE-1 proteins remains to be deWned. RAE-1 genes are inducible by retinoic acid [61] but also after MCMV infection [51] . In spite of this, the virus is able to down-modulate the surface expression of RAE-1 and prevent recognition via NKG2D. However, our unpublished data demonstrates the diVerential regulation of RAE-1 isoforms by m152 (J. Arapovic, unpublished). In addition, we have now evidence that a particular motif inside the RAE-1 sequence determines the ligand sensitivity to m152-mediated down-regulation. Of note is that allele-speciWc preferences is also characteristic of the down-modulation of MHC class I molecules by m152 [62] .
The mutant virus lacking the m155 gene was also sensitive to NK cell control in vivo, due to its inability to downregulate the NKG2D ligand H60 [50] . We have demonstrated that m155 is able to aVect H60 in isolated conditions, without the involvement of other MCMV proteins. Namely, the co-infection of CV-1 cells with vaccinia viruses (VV), H60-VV and m155-VV, resulted in a lack of H60 surface expression, while the co-infection with H60-VV and WT VV resulted in a strong H60 surface staining. The same system was used to explore the possible eVect of m155 on H60 maturation. H60 passed through its immature 46 kDa form and reached the Endo H resistance as a mature 70 kDa protein in equal amount and time period independently of the presence of m155. Also, m155-VV did not cause a change in the half-life of the H60 glycoprotein. Thus, m155 must mediate its eVect on H60 only after this protein has reached the ERGIC/cis-Golgi compartment [50] . There was a slight shift in the migration of the glycosylated H60 protein form in the presence of m155, which could suggest an altered posttranslational modiWcation of H60. Using transfectant cells expressing the m155 gene, others have shown that proteasomal inhibitors can prevent H60 down-regulation [52] . In contrast, we have found increased intracellular accumulation of H60 when drugs that speciWcally prevent the lysosomal degradation were used (T. Lenac, unpublished) .
Unlike H60 [51] , the level of MULT-1 mRNA as well as the protein synthesis is up-regulated in the MCMV-infected cells [48] . However, in spite of up-regulation of its expression, MCMV successfully prevents the surface expression of MULT-1 by two inhibitors. The ability of m145 regulator to down-modulate MULT-1 in the absence of other MCMV proteins was tested by co-infection of CV-1 cells with recombinant VV harboring genes encoding MULT-1 and m145. Analogous to the m155 eVect on H60, the m145 successfully prevented MULT-1 surface expression. Our results suggest that m145 must also regulate its target after ERGIC/cis-Golgi compartment, since the rate of MULT-1 intracellular transport to EndoH-resistant forms as well as its half-life was unaVected in the presence of m145. This is in agreement with our confocal studies of WT MCMV infected cells showing co-localization of MULT-1 with the trans-Golgi marker (Fig. 2a) .
Down-modulation of surface resident MULT-1: a joint eVort of two viral immunoevasins
A better understanding of the molecular mechanisms by which MCMV proteins m145 and m155 interfere with the expression of MULT-1 and H60 is further complicated by the fact that both proteins are also targeted by m138/fcr-1 [53] . The study showed that m138/fcr-1 targets MULT-1 and H60 for down-regulation and thus contributes to viral resistance to NK cell-control in vivo. Since we knew that MULT-1 is unaVected by MCMV before it reaches the trans-Golgi network (TGN), we have further analyzed the surface resident MULT-1 molecules. The surface portion of MULT-1 was tagged with speciWc mAb and its destiny was followed during infection by Xow cytometry and confocal studies (Fig. 2b, c) . Note that in normal cells newly synthesized MULT-1 protein reaches the plasma membrane and recycles via the AP2-positive clathrin vesicles [53] . The surface resident MULT-1 appears to be very stable with the half-life of approximately 10 h. However, in WT MCMVinfected cells the surface resident MULT-1 was completely down-modulated from the cell membrane in no more than 6 h (Fig. 2b) . Cells infected with virus lacking m138 preserved surface MULT-1 similar to uninfected cells indicating that m138/fcr-1 is essential for the down-modulation of the surface portion of this protein. Interestingly, in spite of the presence of m138, cells infected with the virus lacking m145 showed only marginal down-modulation of the surface protein, suggesting the requirement of m145 for the function of m138. We showed that inhibitors of clathrindependent endocytosis could prevent the eVect of m138/fcr-1 on the surface resident MULT-1, whereas inhibitors of the lysosomal proteases prevented the degradation but could not abolish the down-modulation of surface MULT-1 [53] . It is worth mentioning that the m138/fcr-1 protein sequence includes a clathrin box motif (LFAFD), which is (53) in accordance with our Wnding that inhibitors of clathrin endocytosis can block the down-modulation of surface resident MULT-1. This motif was found on cargo adaptor proteins (APs) and interacts with the N-terminus of clathrin heavy chain (the beta propeller structure) [63] . It was identiWed that the Ig1 domain of the fcr-1 ectodomain is necessary and suYcient to down-regulate MULT-1 [53] . In contrast to MULT-1, the surface portion of H60 seems not to be recycling (not shown), while its down-regulation required the preserved composition of the complete fcr-1 ectodomain [53] . Furthermore, our recent unpublished data indicate that m138/fcr-1 might also target some RAE-1 family members for down-modulation (J. Arapovic, unpublished). In addition to NKG2D ligands, m138/fcr-1 is able to down-regulate the costimulatory molecule B7-1 (CD80) [64] and thus has a strong impact on the T cell response since it impairs the ability of DCs to activate CD8 + T cells. This might be an explanation for the much broader in vivo attenuation of the MCMV mutant lacking m138/fcr-1 as compared to the mutant viruses lacking other NKG2D ligand regulators.
What could be the reason for the functional redundancy of MCMV inhibition of NKG2D ligands? The multiple inhibitors may be related to the possible tissue speciWc role of these viral proteins. Indeed, we have observed that the level of attenuation of MCMV mutants lacking inhibitors for the NKG2D ligands varies between diVerent organs, suggesting either diVerential expression of viral genes, diVerential expression of cellular ligands or both. Therefore, in order to achieve a complete down-modulation of NKG2D ligands, the co-operation between two regulators might be needed. For instance, some of the inhibitors may change the microlocalization of the ligands in the membrane making them more accessible to other regulators. We have observed diVerential localization of recycling MULT-1 between uninfected cells and cells infected with mutant virus lacking m138. While in normal cells the surface portion of MULT-1 is localized in discrete recycling vesicles, in cells infected with the m138 MCMV, MULT-1 accumulates intracellularly and partially co-localizes with TGN ( Fig. 2a and data not shown) . Since this was observed in cells infected with the virus lacking m138, diVerential distribution must be caused by m145. Moreover, in cells infected with the m145 deletion mutant, surface resident MULT-1 was only partially down-modulated, but also preserved intracellularly in vesicles comparable to those in uninfected cells. Therefore, it can be speculated that m145 dislocates MULT-1 proteins or slows down their recycling, making them more accessible to m138/fcr-1. Once it approaches MULT-1, m138/fcr-1 could act as a cargo adaptor protein for clathrin-mediated endocytosis (Fig. 3) . Altogether, our results suggested the co-operative eVect of m138 and m145 in down-modulation of MULT-1. However, more speciWc studies on the interaction between NKG2D ligands and their regulators are required to understand the details of molecular mechanisms involved. It seems worth mentioning that the cytoplasmic tail of m145 contains the YKTI motif, whereas MULT-1 possesses a dileucin motif. One can speculate that m145 aVects MULT-1 by competing for the same adaptor proteins. On the other hand, m138/fcr-1 has a short cytoplasmic tail with no tyrosine or dileucin motifs. It might be that m138/fcr-1 could beneWt from the motifs present in the m145 protein.
Future perspectives
Because of the importance of the NKG2D receptor in controlling both NK-and T cell-mediated immunity, it is of tremendous signiWcance to understand how and why NKG2D ligands are regulated upon viral infection. The studies performed by our lab and others have identiWed several MCMV proteins involved in the regulation of NKG2D ligands. Further studies are needed to understand the regulation of the expression of MCMV immunoevasion proteins that target NKG2D ligands, as well as the molecular mechanisms by which these viral proteins disrupt NKG2D ligand expression. We also need to identify the cellular proteins that interact with viral immunoevasins and evaluate how viral regulation of NKG2D ligands impacts the eYciency Fig. 3 Model of the m138/fcr-1-and m145-mediated MULT-1 downregulation. MULT-1 is regulated by two MCMV proteins, m138/fcr-1 and m145. Both regulators must aVect MULT-1 dominantly after trans-Golgi compartment, since confocal studies of WT MCMV infected cells show co-localization of MULT-1 with the trans-Golgi marker (Fig. 2a) . After acquiring its mature form, MULT-1 reaches the plasma membrane and recycles via the AP2-positive clathrin vesicles. m138/fcr-1 speciWcally targets membrane resident MULT-1 and facilitates its endocytosis and lysosomal degradation. Since the cells infected with the m138 deletion mutant rescued the membrane expression of MULT-1 and showed its intracellular accumulation, it is suggested that m145 dislocates MULT-1 proteins making them more accessible to m138/fcr-1 of NK, NKT and memory T cell responses in controlling latency and in resolving recurrent virus infection. We believe that these research approaches will advance our understanding of CMVs lifetime persistence in the infected host. Eventually, this may lead to the development of novel probes to characterize the cellular molecules and systems that control the expression of NK receptor ligands.
